Carbohydrates are the most abundant and structural ly diverse compounds found in nature. They participate in various biological processes. They are involved in diverse roles such as molecular recognition, cell-cell and cell-matrix interactions, energy generation, and modifi cation of protein conformations. Carbohydrates also serve as markers for many disease states. They can be used in the food, textile, paper, and pharmaceutical industries. Increasing evidence shows that numerous biological functions are closely related to specific carbohydrate structures [1 4]. They can form branched structures because linkages of the constituent monosaccharides can occur at a number of positions.
by the attachment to one another via glycosidic linkages, forming branched or linear chains. Polysaccharides (>10 units) are typically observed as large glycans that are com posed of repeating oligosaccharide motifs. The ring form of a monosaccharide generates a chiral (anomeric) cen ter. A glycosidic linkage involves the attachment of a monosaccharide to another residue, typically via the hydroxyl group of this anomeric center. The formation of α linkages or β linkages depends on the direction of the C 1 hydroxyl group with respect to the plane of the ring. The most common monosaccharides are the hexoses. Modifications include the absence of one or more oxygen atoms (deoxysugars), oxidation of a primary hydroxyl group to a carboxylic acid (uronic acid), or replacement of a hydroxyl group with a primary amine or acylamino group. Each of these monosaccharides exists in a number of isomeric forms because of the constituent asymmetri cally substituted carbon atoms.
Glycosylation is the process by which one or more monosaccharide or oligosaccharide units are linked to proteins or lipids. It is the most common post transla tional modification (PTM) [5] . The central paradigm of modern molecular biology is that the information flows from DNA to RNA to protein to cell. Proteins are vital parts of living organisms, and nearly half of them are gly cosylated [6] . When linked to a specific site on a protein backbone, glycans can modify the structural properties of the protein, affecting its solubility and conformation. Glycans are also important in localization and cellular adhesion events such as those occurring during develop ment and tumorigenesis [7 10 ]. The modification modu lates the activity of the molecules decorated. For example, changes in glycosylation on the cellular surface cause the immune system to target infected cells for destruction.
Glycoproteins often exist as heterogeneous mixtures of closely related structures, called glycoforms, which vary in their glycan structures and glycan attachment sites. Glycans attached to specific sites on a protein backbone generate structurally and chemically diverse glycoproteins. The two most common forms of glycosylation are N and O linked glycosylation (Fig. 1) . In N glycosylation, oligosaccharides bind to the amine nitrogen of asparagine side chains within the Asn Xxx Ser(Thr) consensus sequence in which Xxx is any amino acid except proline. In O glycosylation, oligosaccharides are linked to the hydroxyl oxygen of serine (Ser) or Threonine (Thr) side chains. The N glycans of higher organisms all contain a common pentasaccharide core structure (Man 3 GlcNAc 2 ), which is also called trimannosyl chitobiose core [11] ; in contrast, multiple O glycan core structures exist, and there is considerable structural diversity in this glycan class [12] .
In eukaryotes, the glycoprotein and N linked glycans are synthesized in the endoplasmic reticulum (ER) and Golgi apparatus, involving enzymes that first accomplish synthesis of the lipid linked oligosaccharide precursor [13] . The process begins with the step wise addition of monosaccharide residues by oligotransferases, leading to a 14 oligosaccharide core on the lipid carrier dolicholpy rophosphate (Dol P). Once the seven sugar precursor (Man 5 GlcNAc 2 PP dolichol) is formed on the cytoplas mic side of the ER, the whole complex is flipped across the membrane layer into the ER lumen, where four more mannose residues and three glucose residues are added. In a co translational process, the assembled glycan is trans ferred to Asn residues on the nascent protein, within Asn X Ser/Thr sequons via the action of oligosaccharyltrans ferase (OST). Figure 2 depicts the whole process [14] . High mannose N glycans contain only mannose attached to the chitobiose core. During passage through the ER and Golgi, the mannoses on antennae are removed and other types of residues are added, thus reaching the com plex N glycans. Hybrid N glycans are incompletely processed and retain at least one antenna containing man nose residues [15] . N Glycans play important roles in the quality control of glycoprotein folding in the ER lumen [15 17 ]. Glycoproteins will not pass ER quality control if they fail to reach the correct conformation [18] .
By comparison, O glycans have neither consensus sequence nor a consistent core structure; they are extremely diverse [19] . The process is typically initiated by adding a single N acetylgalactosamine (GalNAc) residue via glycosyltransferase [20] . Mammals have eight common O glycan core structures [3] . O Glycosylation also has significant effects on the solubility, conforma tion, stability, and hydrophilicity of proteins [21] .
The study of glycans, termed glycomics, is applied to biology and chemistry that focuses on the structure and function of carbohydrates, and on glycoform distributions at the cellular, tissue, organ and organism levels. A gly comics approach may combine three main aspects: the structural characterization of glycans, detailed under standing of glycan-protein interactions, and the study of in vitro and in vivo systems for the determination of func tion of specific glycans. This review focuses on the struc tural identification of glycans and determination of glyco form patterns, and summarizes recent techniques in mass spectrometric glycomics. Despite the important functions of oligosaccharides in biological systems, structural determination of these molecules is an analytical chal lenge compared to other biomolecules. Unlike linear peptides or nucleic acids, a very limited number of mono saccharides can form many stereoisomeric structures of carbohydrates. For structural elucidation, not only the monosaccharides (and their stereochemistry) need be identified, but also how they link together to form the polymers needs to be determined, which may include their sequence and branching pattern. Glycoform pat terns and their changes may be measured at the semi quantitative or quantitative level; usually the values are expressed as relative rather than absolute changes. Mass spectrometry (MS) is one of the important tools for the structural characterization of carbohydrates, as it offers high sensitivity and addresses the most frequent biological problems. With the help of chromatographic separation, derivatization, and mass spectral fragmentation, oligosaccharide structures can be elucidated.
ANALYSIS AND PROFILING OF GLYCANS AND GLYCOCONJUGATES
Glycan release. The general approach for analyzing carbohydrates involves, first, the release of the glycan moi ety from the glycoprotein. Two general methods are avail able for releasing carbohydrates: enzymatic methods and chemical methods. Enzymatic methods offer the advan tage of preserving the information of the glycoprotein. The glycoprotein will not be degraded so that it remains avail able for analysis. Specific enzymes are used to release N linked glycans from glycoproteins. Two types of enzymes are available, endoglycosidases and exoglycosidases; the former releases all or most of the glycan whereas the latter removes only a very specific portion of the non reducing end of the glycan. Common endoglycosidases are the PNGase (protein N glycosidase) family which are ami dases that release most N glycans, e.g. PNGase F cleaves the bond between the innermost GlcNAc and asparagine residues of glycoproteins, releasing the carbohydrate and preserving the intact glycosylamine at the reducing end [22, 23] , although the amino group is quickly hydrolyzed and replaced by a hydroxyl group. Endoglycosidase H (endo H) cleaves between the GlcNAc residues of the chi tobiose core for high mannose and hybrid glycans [24] .
Exoglycosidases cleave one monosaccharide unit at a time from the nonreducing end of the carbohydrate chain and are frequently employed stepwise in conjunction with Matrix Assisted Laser Desorption/Ionization Mass Spectrometry (MALDI MS) profiling of glycoforms, to facilitate assignment of the terminal monosaccharides and linkages [25] . Therefore, many features in the struc ture of the carbohydrate sample might be deduced from the enzymatic reaction(s). However, not all features of the sequences and linkages can be defined solely by using this approach. Hence, linkage analysis experiments that employ Gas Chromatography coupled to Mass Spectrometry (GC/MS) are still necessary and are regu larly employed for rigorous structure analysis. Chemical release, which includes alkaline elimination and hydrazi nolysis [26 28 ], preserves the carbohydrate moiety but degrades the glycoprotein. It is frequently used to release O linked glycans from glycoproteins, since there is a dearth of glycosidases for release of O linked glycans.
In order to retain the information about site occu pancy, N linked glycan release may be carried out in the presence of 18 O water, or an enzyme such as PNGase F1 F3 or endo H, that leave the first GlcNAc attached to the protein, may be employed. The determination of glyco form distributions at specific positions on the protein(s) requires that the sample be subjected to proteolysis and analyzed at the glycopeptide level, usually with on or off line chromatography in conjunction with mass spectro metry, or that the glycans be characterized after release from isolated glycopeptides.
Derivatization of glycans. Released sugars contain a single reactive carbonyl group at the reducing end that can be derivatized separately from the other hydroxyl groups.
This property has been used to improve ionization, to add a stable isotope tag or to attach a chromophore for detec tion by High Performance Liquid Chromatography (HPLC) [29, 30] . Reductive amination works for N linked glycans released enzymatically from proteins and for any glycan that contains a reducing end. It is not applicable to O glycans released under reductive conditions, while the aldehyde group is reduced to an alditol, but this group may also be derivatized efficiently or labeled with stable iso topes for structural or quantitative studies.
Permethylation is another important derivatization tool for investigation of glycan structures [31, 32] . Carbohydrates are not ionized as efficiently as com pounds such as proteins that can be protonated on many basic sites, neither do they appear to be transferred to the vapor phase as efficiently. Permethylation decreases the intermolecular hydrogen bonding, thereby increasing the sample volatility and thus the intensity of the ion signals [33] . It also enhances the formation of diagnostic frag ment ions and thereby increases the yield of useful struc tural information [34] . It prevents gas phase rearrange ments of glycan residues that can introduce ambiguity into structural analyses [35] . Furthermore, it can elimi nate the negative charge associated with acidic residues, and thus stabilize acidic residues in the positive mode; this feature is especially important for the analysis of sia lylated glycans in which the carboxyl group is located on the same carbon as the glycosidic linkage [36] . The reac tion pathways for reductive amination and permethyla tion are shown in Fig. 3 , also with several commonly used reagents for reductive amination [25, 37] . Separation of glycans. After release of the carbohy drates, the next stage is separation of the carbohydrates. This is not always necessary but it offers the advantage of reducing sample complexity, especially when dealing with biological samples. In most cases, the large variety of iso meric or closely related structures of carbohydrate moiety requires high performance separation techniques prior to mass spectrometry.
Both native glycans and permethylated glycans can be separated by HPLC with a C 18 column. As noted above, reductive amination adds chromophores to native glycans, allowing the detection by ultraviolet (UV) when using offline HPLC. Normal phase LC provides such reg ular separation of glycans (usually analyzed as derivatives with a chromophore at the reducing end) that the reten tion index scale is quite linear and can be used as a basis for assignments [38] . The combination of HPLC and MS (online HPLC) provides qualitative and quantitative analysis of native glycans, dramatically decreasing the effort and time requirements [38] . Both offline and online liquid chromatography/mass spectrometry (LC/MS) approaches are used for glycan or glycoconjugate profil ing. Glycans/glycoconjugates with low abundance, including N linked glycans, O linked glycans, glycopep tides, and glycolipids can be detected by LC/MS, and this allows the analysis of complex mixtures [39 41 ]. When permethylation is applied to increase the hydrophobicity, glycans can be separated by reversed phase LC [42] .
Porous graphitized carbon chromatography (PGC) uses a solid phase that is composed of large macromole cules that are made up primarily of carbon atoms. There are two main mechanisms that may contribute to reten tion: hydrophobic interactions and electronic forces [43] . PGC shows an extraordinary isomeric selectivity to sepa rate glycan isomers [44, 45] . It can also be used for desalt ing of glycans prior to mass spectrometry.
Hydrophobic interaction liquid chromatography (HILIC) is a type of partition chromatography in which the retention mechanism is due the variations in the size and polarity of glycans. It is an effective tool for online LC/MS to analyze derivatized and reducing glycans [46] and peptides/glycopeptides [47] . However, it cannot sep arate isomers.
Ion mobility mass spectrometry (IM MS) is an emerging method to distinguish isomers of glycans. IM MS separates and identifies ionized molecules in the gas phase based on their mobility in the presence of a carrier buffer gas. In IM MS, a weak uniform electric field is applied across a drift tube to pull ions through the buffer gas. Compact isomers with higher mobility exit the drift tube earlier than those with lower mobility [48] . Recently, advances in the development of traveling wave ion mobil ity spectrometry (TWIMS) have significantly increased sensitivity and speed [49] . TWIMS offers the possibility of separating complex glycan isomers in the gas phase and can easily be combined with mass spectrometry for fur ther characterization [50] . Figure 4 (see color insert) dis plays the IM MS distribution observed for electrosprayed high mannose glycans derived from RNase B [51] . Isomers of Man 7 GlcNAc 2 can be separated by the tech nique. IM MS reduces the carbohydrate complexity in a given mass window. Use of tandem mass spectrometry in conjunction with IM MS can obtain much "clearer" fragmentation ions based on separated precursor ions compared to those previously detected in the mixture caused by overlap between isotopic distributions of their precursors [52, 53 ]. This will simplify the level of glyco form de novo identifications by mass spectrometry and make results much more definitive. The development of this and other mobility based approaches is an especially active area of current MS research and development.
MASS SPECTROMETRY OF GLYCANS
Mass spectrometry, in its most simple definition, is the production and detection of ions separated according to their mass to charge (m/z) ratios. The detection of such ions results in a mass spectrum, which is a plot of the rela tive abundance of the ions as a function of their m/z ratio. At present, the two most widely used MS ionization tech niques for the analysis of carbohydrates are Matrix Assisted Laser Desorption/Ionization (MALDI) and Electrospray Ionization (ESI); in both free glycans are typ ically detected as metal (usually sodium) adducts in the positive ion mode, and as deprotonated or anion adducted species in the negative ion mode. Glycopeptides may be detected in their protonated or deprotonated forms. Both MALDI and ESI are soft ionization techniques, i.e. the ionization process imparts little excess energy and thus generates few or no fragments for glycans so that the intact molecular ions can be easily observed. Nevertheless, prompt loss of labile groups, especially sialic acid and fucose, may occur and the extent of its occurrence should be assessed, particularly in quantitative studies. Both MALDI MS and ESI MS can be applied to obtain an overall glycan profile. MALDI yields a series of singly charged molecular ions and the ionization efficiency for neutral carbohydrates is constant as the size of molecule increases, in contrast to that for ESI, where the ionization efficiency decreases with an increasing molecular weight [54] . Additionally, ESI usually generates multiply charged ions; although these complicate spectral analysis, especial ly when mixtures are introduced with on or off line sepa ration, the instrument software can perform a deconvolu tion of the multiple charge states to produce a spectrum that shows a single molecular weight distribution. However, the signal is distributed over multiple charge states and this affects the ability to detect low abundance species. Resonance (FT ICR) spectra of a Lipid A mixture obtained from a marine source by Elkin and coworkers [55] . The Lipid A sample, extracted from the first batch cultivation of the bacterial cells, has three types of monophosphorylated lipid molecules designated as M1, M2, and M3, respectively (see Fig. 5a ). Lipids M2 and M3 may result from fragmentation of the ion M1 or may represent variant products that arise from differences in the biosynthetic pathways.
Although MALDI MS and ESI MS spectra are highly suited to mass fingerprinting of glycan mixtures and are thus very valuable for initial stages of glycomic analysis, the lack of fragment ions can be a problem for detailed structural elucidation of glycans. This can be solved by making the molecular ions more energetic, thereby inducing fragmentation, which is achieved by employing one or more well controlled dissociation steps and tandem mass spectrometry.
Tandem mass spectrometry (MS n ) including low and high energy collision induced dissociation (CID) [56 58 ], infrared multiphoton dissociation (IRMPD) [59] , and the newer electron based dissociation methods [60 64 ] has proven to be a powerful means for carbohy drate structural identification. Generally, glycans undergo two main types of cleavage upon CID: glycosidic cleav ages resulting from the rupture between the two neighbor ing residues and cross ring cleavages that involve the frag mentation of a sugar ring. The former provide informa tion on composition and sequence, while the latter pro vide some details on the different linkage types. Internal fragments are generated upon the occurrence of two (or more) cleavages, either glycosidic or cross ring, from more than one site in the molecule [1] . They may also provide useful structural information. Figure 6 shows the widely used nomenclature originally proposed by Domon and Costello to designate different types of glycan frag ment ions they observed in the high energy CID spectra obtained using Fast Atom Bombardment (FAB) or Liquid Secondary Ionization Mass Spectrometry (LSIMS) on a four sector tandem instrument [65] . Advent of FAB and LSIMS had made it possible to obtain long lived, stable ion beams for glycans and glycoconjugates, and these fea tures led to wide use of these ionization methods in gly cobiology, although they have now largely been replaced by MALDI and ESI. Extensive studies have revealed that protonated oligosaccharides mainly produce glycosidic cleavages, yielding sequence but not linkage information [66 68] . Many reports have shown that fragmentation of different metal adducted oligosaccharides (Li + , Na + , Mg 2+ , Ca 2+ , etc.) resulted in more cross ring cleavages in low energy CID [67 69 ]. The Leary group and the Lebrilla group have discussed the relationship between the metal size, sugar size, and fragment ion yield. Figure 7 explains that the activation barrier increases as the radius of the cation increases. The metal ion binding to a ring oxygen local izes the oxygen's electrons and prohibits glycosidic bond cleavages and it therefore induces abundant cross ring cleavages under CID or IRMPD conditions [68, 70 72] .
Most published studies have been mainly concerned with the fragmentation of positive ions on both native and permethylated N linked glycans [69, 73, 74] . The frag ment ions from native glycans tend to undergo rearrange ment reactions, which lead to ambiguous information [35, 75] . Permethylation is used to stabilize the labile acidic groups, which can be easily lost, particularly dur ing MALDI ionization and in the analyzer under low or high energy CID [11, 76] . Low energy CID generates mainly glycosidic cleavages. Fragments resulting from cross ring cleavages, which can provide information needed for making detailed structural assignments, have quite low relative abundances or are absent. High energy CID can provide extensive informative fragments for analysis of oligosaccharides with smaller sizes [36, 77] . High energy dissociation in a sector mass spectrometer can produce many informative cleavages [65] , but these instruments are now seldom available for glycan analysis.
For larger N linked glycans with more complex structures, the most abundant cross ring fragments detected with high energy CID in a MALDI TOF/TOF mass spectrometer are often the 1,5 X n cleavages, but these are not unique enough to facilitate detailed structural assignments [78] . Negative ion CID is very useful for analysis of glycans with acidic monosaccharide residues. The Zaia group acquired a set of targeted negative CID spectra in automated mode on heparan sulfate (HS) oligosaccharides deriving from two different tissue sources. By using statistical methods, they were able to profile a number of HS oligosaccharides and foresaw the potential for glycosaminoglycan (GAG) class profiling [79] . In addition, the spectra from dissociation of N linked glycan negative ions provide extensive information with, in many cases, specific fragmentation on the chito biose core that can reveal finer details of glycan struc tures. But the same deficiency rises, in that only limited structural information can be gained, due to the occur rence of minimal fragmentation on the antennae [80 85] .
Recently, several novel fragmentation techniques have been applied to the analysis of carbohydrates. Adamson et al. and Zhao et al. have investigated the application of electron capture dissociation (ECD) to both linear and branched oligosaccharides by utilizing FT ICR mass spectrometers [63, 64] . They showed that cross ring cleavages were the dominant fragmentation pathway in ECD spectra. Whereas ECD is applied in the positive ion mode for characterization of neutral glycans, electron detachment dissociation (EDD) generates frag mentation in the negative mode for analysis of acidic gly cans, and it has been shown to be particularly useful for analysis of GAGs. Wolff et al. applied EDD to the analy sis of GAGs and elucidated some mechanisms and path ways [61, 86] . Adamson and Hakansson also showed that EDD produces relatively abundant cross ring cleavage ions for N glycans and milk oligosaccharides [87] . Yu et al. investigated the application of electron energy dependent electron activated dissociation (ExD) based on alkaline metal adducted permethylated maltohep taose in positive mode. Their data showed that such a gly can exhibits several fragmentation processes, including ECD (1.5 eV), hot ECD (9 eV), and electronic excitation dissociation (EED) (14 eV). EED provided cross ring cleavages more informative than those obtained by ECD or hot ECD [62] . Figure 8 (see color insert) shows the EED spectrum of permethylated Man 5 GlcNAc 2 . The appearance of extensive fragment ions allows the detailed structural identification of the N linked glycan.
These fragmentation techniques, including ECD, EDD, and EED as discussed above, are mostly limited to FT ICR MS, but the cost and complexity of these instru ment systems limit their availability. Electron transfer dis sociation (ETD), a fragmentation technique very similar to ECD, was introduced by Syka et al. for peptide/protein fragmentation [88] . ETD can be carried out in most mass spectrometers, including quadrupole ion trap mass spec trometers, which are widely available. Recently, Han and Costello successfully applied ETD to investigations in a series of milk oligosaccharides and observed extensive cross ring cleavages as well as other useful fragment ions; this feature of ETD greatly improves the capability of mass spectrometry to determine the linkage types and branching positions for glycans [60] . Figures 9 and 10 (see color insert) compare the results from CID and ETD of reduced and permethylated LSTa, respectively. The mass accuracy can be guaranteed by carrying out the analyses with an FT ICR MS instrument equipped for ETD; ETD CID MS 3 on the ion trap instrument provides addi tional valuable clues for revealing fragmentation path ways. Further applications of ETD to the structural deter mination of glycans, oligosaccharides, glycopeptides, and glycoproteins from biological samples are beginning to be reported.
High throughput analyses and the newly developed fragmentation techniques, such as ECD, EDD, ETD, and EED, which generate much more extensive structur al information, have the potential for enormous benefit to the glycobiology community, but they have introduced a new problem: the challenges for interpreting the huge amount of mass spectrometric data and building up the databases and search engines necessary to support future glycobiology research.
GlycoMod is a widely used software tool designed to predict all possible compositions of a certain glycan struc ture, either underivatized, or derivatized, based on its experimentally determined mass [89] . The program can also suggest candidate oligosaccharides that are derived from glycopeptides/glycoproteins known in the SWISS PROT or TrEMBL databases and match the experimen tal results against the results from the database. UniCarbKB is an online information storage and search platform for glycomics and glycobiology research [90] . It brings together information on the structure, biological origin, and potential function of glycans and links each stored glycan structure to quality experimental data from mass spectrometry, chromatography, and other technolo gies. Another useful glycan knowledgebase is EUROCarbDB, which is a glycan platform also based on the primary and interpreted analytical data from high performance liquid chromatography, mass spectrometry, and nuclear magnetic resonance experiments [91] . It offers various web based research tools to expedite aspects of glycan analysis, structural elucidation, and rec ommends the format and nomenclature for encoding car bohydrate structures. As mentioned above, LC/MS can be used to compare glycan compositions and abundances among different biological samples. Manual interpreta tion of the LC/MS data is extremely time consuming. Zaia and coworkers developed a tool to computationally model LC/MS data on tissue derived heparan sulfate oligosaccharides [92] . The software, GlycReSoft, improves glycan recognition through grouping candidate glycan compositions summarized over their various charge states, adducts, and range of elution times. This strategy can form an essential part of glycomics work flows, which enable efficient profiling of glycans. Going forward, the construction of glycoinformatic databases will drive the leading edge and support innovative approaches to connect various types of glycoanalytical data to a centralized repository of known glycan struc tures.
This review summarizes the glycomics workflow and the current and emerging mass spectral methods that are available to study the structures of glycans and their func tions in biological systems, with a particular emphasis on glycoprotein analysis. Over the past decade, the develop ment of mass spectrometry has increased our knowledge and facilitated exploration of biological carbohydrates. Our understanding of the structures and diversity of gly cans in biological samples has increased dramatically due, in large part, to the dramatic improvements in the sensitivity and variety of mass spectrometry approaches. The initiatives that generate glycoinformatics database platforms should hasten the progress in glycocomics by providing freely accessible database tools for carbohy drates researchers and linking glycomics with all areas of biology, medicine, and the environment.
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